We describe a rapid, reproducible, and sensitive method for detection and quantification of archaea in naturally occurring microbial communities. A domain-specific PCR primer set and a domain-specific fluorogenic probe having strong and weak selectivity, respectively, for archaeal rRNA genes (rDNAs) were designed. A universal PCR primer set and a universal fluorogenic probe for both bacterial and archaeal rDNAs were also designed. Using these primers and probes, we demonstrated that detection and quantification of archaeal rDNAs in controlled microbial rDNA assemblages can be successfully achieved. The system which we designed was also able to detect and quantify archaeal rDNAs in DNA samples obtained not only from environments in which thermophilic archaea are abundant but also from environments in which methanogenic archaea are abundant. Our findings indicate that this method is applicable to culture-independent molecular analysis of microbial communities in various environments.
Recent molecular phylogenetic analyses based on small-subunit (SSU) rRNA gene (rDNA) sequencing have revealed the remarkable phylogenetic diversity of archaea and their potential ecological significance not only in extreme environments but also in nonextreme environments (3, 4, 7, 10, 12-14, 16, 18, 19, 25, 34, 38, 40, 42, 44) . It has been accepted that the abundant occurrence of archaea is not a local event, as these organisms are widely observed in various microbial habitats on the earth. Hence, it is likely that assessment of archaeal community diversity is important for elucidating the structure, function, and interactions of naturally occurring microbial communities. For detection and quantification of archaea in an entire microbial community, quantitative nucleic acid hybridization (11, 12, 17) and whole-cell in situ fluorescent hybridization (2, 13, 34) with archaeal rRNA-targeted nucleotide probes and competitive quantitative PCR (9, 33) have been used.
A fluorogenic PCR method using the TaqMan probe designed to hybridize with a region within the targeted amplicon allows detection and quantification of the initial template concentration (5, 23, 24) . Using the TaqMan fluorogenic PCR system, a rapid and reproducible detection and quantification technique has been developed for several infectious and harmful microorganisms (5, 15, 20, 26, 28, 30, 31, 37) . This system is probably quite sensitive for detection and quantification of small amounts of the targeted amplicon and can be used for large numbers of samples and specimens due to the advantages of PCR. These features permit possible application for rapid detection and quantification of archaeal rRNA or rDNA in nucleic acid extracts prepared from low-biomass environmental samples and a great number of samples, such as samples taken from long drilled cores and water columns at short intervals. The proportion of archaeal rRNA or rDNA in the whole microbial rRNA or rDNA provides an important clue for estimating the abundance of archaea in naturally occurring microbial communities. Here, we describe a rapid, reproducible, and sensitive method for detection and quantification of archaeal rDNAs in DNA extracts from various environments. This method is based on the TaqMan fluorogenic PCR system and will be integrated into a comprehensive, culture-independent, molecular analysis system for environmental microbiology.
Establishment of quantitative fluorogenic PCR system. A multiple alignment was obtained from Ribosomal Database Project II (22) , and an updated multiple alignment of archaeal SSU rDNA sequences was constructed by including various nearly complete or partial rDNA sequences from cultivated members and environmental clones reported previously (38, 42, 44) . Based on the alignments, appropriate sites for SSU rDNA-targeted universal and domain-specific oligonucleotide primers and probes for the TaqMan fluorogenic PCR system were chosen. Following the manufacturer's manual provided with the TaqMan fluorogenic PCR system (PE Applied Biosystems, Foster City, Calif.), we designed the universal and domain-specific primers to have appropriate melting temperatures between 55 and 60°C and to produce rDNA amplicons of appropriate lengths (Ͻ500 bp). The universal and domainspecific TaqMan probes were designed to have melting temperatures greater than 65°C, which are higher than those of the primers which were designed, and appropriate binding positions as recommended by the manufacturer. The primers were Arch349F (5Ј-GYGCASCAGKCGMGAAW-3Ј) and Arch806R (5Ј-GGACTACVSGGGTATCTAAT-3Ј) for archaeal rDNA, Bac349F (5Ј-AGGCAGCAGTDRGGAAT-3Ј) and Bac806R (5Ј-GGACTACYVGGGTATCTAAT-3Ј) for bacterial rDNA, and Uni340F (5Ј-CCTACGGGRBGCASCAG-3Ј) and Uni806R (5Ј-GGACTACNNGGGTATCTAAT-3Ј) for prokaryotic universal rDNA (the number in each primer or probe designation indicates the position of the 5Ј end of the primer or probe in Escherichia coli 16S rRNA). The TaqMan probes were Arch516F (5Ј-TGYCAGCCGCCGCGGTAAHACCVGC-3Ј) for archaeal rDNA, Bac516F (5Ј-TGCCAGCAGCCGCGGT AATACRDAG-3Ј) for bacterial rDNA, and Uni516F (5Ј-TG YCAGCMGCCGCGGTAAHACVNRS-3Ј) for prokaryotic universal rDNA. These probes each had a fluorescent reporter dye (6-carboxyfluorescein) covalently attached to the 5Ј end and a fluorescent quencher dye (6-carboxytetramethylrhodamine) attached six or more bases downstream from the reporter dye. All primers and probes were analyzed by using the PROBE_CHECK program from the Ribosomal Database Project (22) and the gapped-BLAST search algorithm (1, 6) to examine selectivity for the targeted domain or universality for both prokaryotic domains. The computer analyses indicated that the domain-specific primers and probes bound specifically to the appropriate sites in the targeted domains of the rDNA. The TaqMan probes were obtained from PE Applied Biosystems.
In order to check the selectivity of the domain-specific primers for the targeted domains of the rDNA during the PCR, a nonfluorogenic PCR in the absence of the TaqMan probes was performed by using LA Taq polymerase with GC buffer (TaKaRa, Kyoto, Japan) and representative bacterial and archaeal rDNAs (almost the full length between primer Bac27F [21] or Arch21F [12] and primer 1492R [21] (43) were preserved at our institute, and samples of genomic DNAs of Pyrobaculum sp. strain JCM10595 and Sulfurisphaera sp. were kindly provided by Yoshihiko Sako and Takuro Nunoura, Kyoto University, Kyoto, Japan. The genomic DNA samples were extracted by a standard method (45) and frozen at Ϫ20°C. Environmental archaeal rDNA clones of deep-sea hydrothermal vent euryarchaeotic groups 2 (pISA42), 6 (pISA48), and 7 (pISA16) and marine group I (pMC1A11) were obtained from various deep-sea hydrothermal vent environments (38) and were preserved at our institute.
Reaction mixtures were prepared in which the concentration of each oligonucleotide primer was 0.4 M and the concentration of the rDNA template was 10 pg/l. Two-step thermal cycling was performed by using the GeneAmp 9600 PCR system (Perkin-Elmer, Foster City, Calif.), and the conditions were as follows: denaturation at 96°C for 25 s and annealing and extension at every 1°C interval between 55 and 60°C for 360 s for a total of 25 cycles. The rDNA templates that were prepared contained equal proportions of each type of bacterial rDNA or equal proportions of each type of archaeal rDNA. When the prokaryotic universal PCR primer set was used, almost identical amplification efficiencies were obtained with either the bacterial or archaeal rDNA templates at all temperatures between 55 and 60°C. The archaeon-specific primer set provided the proper product from only archaeal rDNA templates at temperatures above 55°C, whereas the bacteriumspecific primer set provided products from both bacterial and archaeal rDNA templates even at 60°C. These results indicated that the prokaryotic universal primer set that was designed effectively retrieved phylogenetically diverse prokaryotic rDNA and that the archaeon-specific primer set effectively detected only archaeal rDNA.
Using the prokaryotic universal and archaeon-specific primer sets and probes, the conditions for fluorogenic PCR were established with purified, representative bacterial and archaeal rDNAs as the templates. PCR and fluorescence signal monitoring were performed with the GeneAmp 5700 sequence detection system (PE Applied Biosystems). Reaction mixtures for the fluorogenic PCR were prepared in which the concentrations of each primer and the TaqMan probe were optimized (0.8 and 0.2 M, respectively) and the concentration of the rDNA template was varied between 1 fg/l and 20 pg/l. The TaqMan Universal PCR Master Mix (PE Applied Biosystems), the LA Taq polymerase with GC buffer (TaKaRa), or the Ex Taq polymerase (TaKaRa) was used. All cycles began with 2 min at 50°C and then 10 min at 96°C in the case of the TaqMan Universal PCR Master Mix or 1 min at 96°C in the case of the LA Taq or Ex Taq polymerase system. Following these initial steps, two-step cycles of 25 s at 96°C and 6 min at 57 or 59°C were used for amplification of the prokaryotic rDNA or the archaeal rDNA. All assays were performed at least in triplicate. Post-PCR analysis was performed by using the GeneAmp 5700 SDS software (PE Applied Biosystems) and basically the analysis procedure described previously (5) . Of the various Taq polymerase-buffer systems tested, the LA and Ex Taq polymerase systems provided more stable exponential fluorogenic amplification and more efficient amplification (lower threshold cycles at a given initial template concentration) than the TaqMan Universal PCR Master Mix. In addition, the minimum detection limit for the initial template concentration was lower with the LA Taq polymerase (approximately 1 fg of rDNA/l) than with the Ex Taq polymerase or the TaqMan Universal PCR Master Mix (approximately 5 fg of rDNA/l). Based on these results, the LA Taq polymerase system was selected for use in further experiments.
Fluorogenic amplification of SSU rDNA was tested by using different concentrations of rDNAs from representative bacterial and archaeal species as the templates (Fig. 1) . All of the templates (10 bacterial and eight archaeal templates) gave reliable exponential fluorogenic amplification patterns (correlation coefficient, Ͼ0.999) dependent on the initial template concentration in the range from 100 fg of rDNA/l to 20 pg of rDNA/l when the universal primer set and probe were used (Fig. 1A) . The archaeal primer set and probe also provided reliable fluorogenic amplification (correlation coefficient, Ͼ0.999) dependent on the initial template concentration in the range from 100 fg of rDNA/l to 20 pg of rDNA/l when any of the representative archaeal rDNA templates was used (Fig.  1B) . The exponential fluorogenic amplification pattern obtained with each of the representative rDNAs when either the universal or archaeal primer set and probe were used was within the 95% confidence range of an average exponential fluorogenic amplification pattern, and the data were strongly correlated with each other (Fig. 1) . With both the universal and archaeal systems, it was possible to detect fluorogenic amplification at the lowest template concentration (1 fg of rDNA/l), but the reliability of quantification (correlation coefficient, Ͻ0.992) obtained with initial template concentrations below 100 fg of rDNA/l was low (data not shown).
The detection and quantification of different proportions of archaeal rDNA in heterogeneous rDNA samples were examined (Fig. 2) . Standard curves dependent on the initial template concentration were constructed by using a prokaryotic universal rDNA mixture (B10A8 mixture) containing equal amounts of 10 bacterial rDNAs and eight archaeal rDNAs for quantification of the prokaryotic rDNA and an archaeal rDNA mixture containing equal amounts of eight archaeal rDNAs for quantification of the archaeal rDNA. During preparation of the standard curves, samples with various initial template concentrations were always assayed in the same assay plate. The heterogeneous rDNA samples (bacterial rDNA mixture containing equal amounts of 10 bacterial rDNAs, archaeal rDNA mixture containing equal amounts of eight archaeal rDNAs, B7A3 mixture containing 30% archaeal rDNA, B160A3 mixture containing 1.8% archaeal rDNA, and B8A150 mixture containing 95% archaeal rDNA) were used as the templates, and the initial template concentrations were between 100 fg of rDNA/l and 20 pg of rDNA/l, a range which was within the range for reliable quantification. The universal primer set and probe resulted in stable fluorogenic amplification patterns that were almost identical for all of the rDNA mixtures ( Fig. 2A) . The archaeal primer set and probe provided archaeal rDNAdependent fluorogenic amplification from heterogeneous rDNA samples, indicating that the threshold cycle was dependent on the archaeal rDNA concentrations in the rDNA mixtures (Fig. 2B) . No fluorogenic amplification was observed with rDNA samples lacking archaeal rDNA. In any case, when either the universal or archaeal primer set and probe were used, the exponential fluorogenic amplification pattern was strongly correlated with the standard amplification pattern as it was within the 95% confidence range (Fig. 2) . These results suggest that the fluorogenic PCR system using the archaeonspecific primers and probe which we designed can be used to detect and quantify archaeal rDNA in DNA samples extracted from heterogeneous, often unbalanced, naturally occurring microbial communities.
Comparison with dot blot hybridization analysis. Dot hybridization analysis was performed with the heterogeneous rDNA samples described above in order to compare the stabilities and sensitivities of detection and quantification of the fluorogenic quantitative PCR method and the conventional dot blot hybridization analysis method. Dilution series were prepared for the universal rDNA (B10A8) mixture, bacterial 
FIG. 2. Fluorogenic amplification patterns dependent on heterogeneous
rDNA template concentrations, obtained by using a prokaryotic universal primer set and probe (A) or an archaeon-specific primer set and probe (B). Concentration-dependent changes in the threshold cycle were obtained in assays by using heterogeneous rDNA mixtures as the templates. All assays were conducted at least in triplicate. The lines are standard curves obtained with the B10A8 mixture (A) and the archaeal rDNA mixture (B). The bars indicate the 95% confidence ranges of the standard curves. The heterogeneous rDNA samples (B10A8 mixture containing equal amounts of 10 bacterial and eight archaeal rDNAs, bacterial rDNA mixture containing equal amounts of 10 bacterial rDNAs, archaeal rDNA mixture containing equal amounts of eight archaeal rDNAs, B7A3 mixture containing 30% archaeal rDNA, B160A3 mixture containing 1.8% archaeal rDNA, and B8A150 mixture containing 95% archaeal rDNA) were used as the templates; the initial template concentrations were between 100 fg of rDNA/l and 20 pg of rDNA/l, a range which was within the reliable quantification range. rDNA mixture, archaeal rDNA mixture, B7A3 mixture, B160A3 mixture, and B8A150 mixture, and the diluted samples were denatured at 100°C for 10 min and cooled on ice. The denatured rDNA samples were dotted onto positively charged nylon membranes (Roche Diagnostics) and crosslinked to the membranes by exposure to 120 mJ of UV light energy by using a UV Stratalinker 1800 (Stratagene, Torrey Pines, Calif.). The oligonucleotide probes used were Uni1392R (5Ј-ACGGGCGGTGTGTRC-3Ј) (32) and Arch915R (5Ј-GT GCTCCCCCGCCAATTCCT-3Ј) (36) , and these probes were conjugated at their 5Ј ends to digoxigenin by the supplier (Amersham Pharmacia). The hybridization and wash conditions were empirically optimized for each probe. The optimal conditions were defined as the conditions that gave the strongest signal for the intended targets while minimizing crossreactivity. Hybridization was conducted overnight in hybridization buffer (pH 7.0) containing 750 mM NaCl, 75 mM sodium citrate, 0.02% (wt/vol) sodium dodecyl sulfate (SDS), 0.1% (wt/vol) sodium lauroylsarcosine, and 2% (wt/vol) blocking reagent (Roche Diagnostics) at the optimized temperature (42°C for the universal probe and 54°C for the archaeal probe). After hybridization, the filters were washed twice with buffer (pH 7.0) containing 300 mM NaCl, 30 mM sodium citrate, and 0.1% SDS at room temperature for 5 min and then twice with buffer (pH 7.0) containing 15 mM NaCl, 1.5 mM sodium citrate, and 0.1% SDS at same temperatures used for hybridization for 30 min. Probe-target hybrids were detected with a DIG luminescent detection kit (Roche Diagnostics), and the chemical luminescence signal was developed and quantified by using NIH Image, version 1.62.
The hybridization pattern obtained with prokaryotic or archaeal rDNA when the universal or archaeal probes were used was stable at rDNA concentrations ranging from 50 pg of rDNA/l to 1.5 ng of rDNA/l, while several patterns varied from the 95% confidence range of the standard pattern (Fig.  3) . At concentrations below 50 pg of rDNA/l, no stable hybridization signal was obtained with either the universal or archaeal probe. When we compared the invariability of quantification and the detection limit obtained with the fluorogenic quantitative PCR and dot blot hybridization analysis methods, the fluorogenic PCR method performed with the TaqMan probes was more effective for detection and quantification of rDNA than the dot blot hybridization analysis method under the conditions examined in this study.
Application to naturally occurring microbial communities. The fluorogenic PCR method using the prokaryotic universal and archaeon-specific primer sets and probes was used in an analysis of DNA samples extracted from various naturally occurring microbial communities. The samples used for DNA extraction were hot spring water and sediment samples obtained from Goshogake Hot Spring (GHS) (85°C, pH 5.0) and Fukeyu Hot Spring (FHS) (85°C, pH 4.1) in Akita prefecture, Japan (K. Takai, A. Inoue, and K. Horikoshi, Shinkai Symp. 1998, p. 52, 1998), effluent vent water from a deep-sea hydrothermal vent in Iheya Basin (IVW) (38) , freshwater sediment from a depth of 15 cm in Takatori Creek (TC), and sediment from a depth of 15 cm in Nojima Estuary (NE) near the Japan Marine Science & Technology Center. The microbial community structures and the archaeal rDNA compositions of the samples from GHS, FHS, and IVW were examined previously by a PCR-mediated sequencing analysis of rDNA clone libraries constructed with the Uni515F and Uni1408R (42) primers and the Arch21F (12) and 1492R (21) primers (38; Takai et al., Shinkai Symp. 1998). The universal PCR primer libraries obtained from GHS and FHS consisted of only archaeal rDNA clones, and no bacterial rDNA was obtained (44 of 44 clones and 56 of 56 clones, respectively, were hyperthermophilic crenarchaeotic rDNA sequences) (Takai et al., Shinkai Symp. 1998). The archaeal PCR primer libraries from both hot spring samples contained rDNA clones phylogenetically associated with the orders Thermoproteales, Igneococcales, and Sulfolobales. Likewise, partial sequencing of rDNA clones in the universal PCR primer library obtained from IVW revealed that the archaeal rDNA clones comprised about 30% of the total rDNA community (38) . For the sediment samples from TC and NE, the total cell density and the autofluorescent cell density (including F420-dependent autofluorescent methanogens) were determined by epifluorescence microscopy with and without DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining, respectively. Most of the autofluorescent cells were found to form sarcinalike structures that were typically observed in methanogenic archaeal members of the family Methanosarcinaeae (8) , and some were long straight rods. The proportions FIG. 3 . Hybridization patterns dependent on rDNA concentrations, obtained by using a prokaryotic universal oligonucleotide probe (A) or an archaeon-specific oligonucleotide probe (B). Concentration-dependent changes in hybridization signal strength were obtained in assays in which heterogeneous rDNA mixtures were used. All assays were conducted at least in triplicate. The lines are standard curves obtained from the B10A8 mixture (A) and the archaeal rDNA mixture (B). The bars indicate the 95% confidence ranges of the standard curves. The heterogeneous rDNA samples (B10A8 mixture, bacterial rDNA mixture, archaeal rDNA mixture, B7A3 mixture, B160A3 mixture, and B8A150 mixture) were used, and the rDNA concentrations were between 50 pg of rDNA/l and 1.5 ng of rDNA/l, a range which was within the reliable quantification range. of autofluorescent cells were about 1.4 and 9.6% of the total cells in the sediments from TC and NE, respectively. Nucleic acids were extracted and purified from the GHS, FHS, and IVW samples as described previously (38; Takai et al., Shinkai Symp. 1998). Nucleic acids were extracted from the TC and NE sediments by using an Ultraclean Soil DNA MegaPrep kit (MO BIO Laboratories, Inc., Solana Beach, Calif.). Approximately 5 g of wet sediment was used for DNA extraction, performed by using the manufacturer's suggested protocol. Although the DNA samples obtained with the kit contained little contaminating RNA, 0.02% (wt/vol) RNase A (Sigma) was added to the samples, and the contaminating RNA was degraded at 37°C for 3 h. The mixtures were extracted with an equal volume of phenol saturated with 100 mM Tris-HCl (pH 8.0), followed by extraction with phenol-chloroform-isoamyl alcohol (24:24:1, vol/vol/vol) and chloroformisoamyl alcohol (24:1, vol/vol). DNA was precipitated from the solutions by adding a 3 volumes of ethanol and was recovered by centrifugation.
Using the purified DNA samples as templates, detection and quantification of the archaeal rDNA were conducted under the optimized conditions described above. A dilution series for each of the DNA samples and the samples were assayed by using the universal rDNA (B10A8) mixture and the archaeal rDNA mixture as the standards for quantification of whole microbial rDNA and archaeal rDNA, respectively ( Table 1) . The initial rDNA template concentrations in the environmental DNA samples were between 20 fg of rDNA/l and 20 pg of rDNA/l, a range chosen based on calculation of the reliable quantification range. As expected from the results of previous studies (38; Takai et al., Shinkai Symp. 1998), the fluorogenic PCR quantification results indicated that the amounts of archaeal rDNA were equivalent to the amounts of total prokaryotic rDNA in the samples from the hot springs and that about 30% of the prokaryotic rDNA in the deep-sea hydrothermal vent water was derived from members of the archaeal group (Table 1) . These results indicate that the fluorogenic PCR method is effective for detecting and quantifying the proportions of archaeal rDNA in whole microbial rDNA assemblages obtained from naturally occurring microbial communities. Not only in the extreme environments where archaea were relatively abundant but also in nonextreme environments, the fluorogenic PCR method successfully detected archaeal rDNA (Table 1) . In freshwater and estuarial anoxic sediments, the most abundant members of the archaeal group are considered to be methanogens. In fact, observation by epifluorescence microscopy indicated the presence of cells displaying autofluorescence and a typical pseudosarcina structure, which were likely distinctive morphological characteristics of members of the Methanosarcinaceae (8), at levels proportional to the number of cells stained by DAPI (ca. 1% of the total cells in the freshwater sediment and ca. 10% of the total cells in the estuarial sediment). The proportion of archaeal rDNA in the total prokaryotic rDNA as determined by fluorogenic PCR matched the proportion of autofluorescent cells presumably consisting of methanogenic archaea in the sediment samples (Table 1) . These results suggested that the fluorogenic PCR could be used to detect and quantify archaeal rDNA in DNA samples obtained not only from environments where thermophilic archaea are abundant but also from environments where methanogenic archaea are abundant.
In conclusion, the quantitative PCR method established in the present study by using prokaryotic universal and archaeonspecific primers and probes was probably more sensitive (able to detect a lower concentration of rDNA) and more invariable (stable and able to quantify the archaeal rDNA) than the conventional dot blot hybridization analysis method targeting rRNA genes, and it can be readily applied to large numbers of samples. In this study, we sought to design domain-specific primers and a domain-specific probe for bacterial rDNA at the same site as the archaeon-specific primers and probe. Although the bacterium-specific primers which we designed were not fully selective for bacterial rDNA, strongly selective bacterium-specific primers could be constructed with different binding sites within the SSU rDNA. By using a combination of universal, bacterial, and archaeal primer and probe sets, quantification of members of microbial communities based on rDNA structures should be further improved. Fragmentation of the microbial chromosomal DNA, contamination by organic or inorganic substances, and contamination by eukaryotic DNA might influence fluorogenic amplification. However, it seems likely that improvements in methods of extraction of DNA from environmental samples, such as elimination of eukaryotic cells by size by prefiltration and use of an optimized technique for extraction of DNA (27) , might reduce the effects of such negative factors on reliable quantification by the fluorogenic PCR method. Using the fluorogenic PCR method in combination with other culture-independent molecular techniques should facilitate elucidation of the structures, functions, and interactions of natural microbial communities.
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